Introduction
Up to date, the exploit of joints between dissimilar materials has significantly increased [1] [2] [3] . The complexities in the welding of aluminum alloy with stainless steel by fusion welding processes have been a great confront for engineering, because they result from hard and brittle intermetallic phases those are produced between aluminum and steel at elevated temperatures [4] . As a rule, all metallic engineering materials which are forgeable can be friction welded, including automotive valve alloys, maraging steel, tool steel, alloy steels and titanium alloys [5, 6] . With friction welding, joints are possible between not only two solid materials or two hollow parts, but also solid material/hollow part combinations can be reliably welded as shown in figure 1. Therefore, friction welding has been attracting increasing attention in many applications, such as aerospace, automobiles, railway and nuclear industry. Threaded end is friction welded to drill pipe body, (b) Marine prop shafts are an excellent bi-metal application. The wet-end is made from 17-4 stainless steel. The drive-end is sealed in the power transmission unit and is made from hardened 8620 carbon steel and (c) Join heavy wall tube to solid end to avoid extensive drilling.
In the friction welding process, the developed heat at the interface raises the temperature of workpieces rapidly to values approaching the melting range of the material. Welding occurs under the influence of pressure that is applied when heated zone is in the plastic range, as mentioned in [7, 8] .
The foremost difference between the welding of similar materials and that of dissimilar materials is that the axial movement is unequal in the latter case whilst the similar materials experience equal movement along the common axis. This problem arises not only from the different coefficients of thermal expansion, but also from the distinct hardness values of the dissimilar materials to be joined. Joint and edge preparation is very important to produce distortion free welds [9, 10] . The solid-state diffusion is slow in the wider joints [11] .The intermetallic compounds can change the micro hardness near the joint interface of dissimilar metals [12] .Nowadays, the finite element methods are more popular to analyze welding processes [13, 14] .
The current work was to study the weldability of AA1100 alloy and 316 stainless steel using rotational frictional welding process. Finite element method was employed to analyze the influence of friction welding parameters on welding characteristics. Taguchi techniques were adopted for the design of experiments.
Finite Element Modeling
In the current project work, ANSYS workbench (15.0) software was used in the coupled thermal and structural analyses during friction welding of AA1100 alloy and 316 stainless steel. An axisymmetric 3D model [15] AA1100 alloy and 316 stainless steel hollow tubes of 25.4 mm diameter and 100 mm length was made using ANSYS workbench as shown in figure 2 . Tetrahedron elements [16] were used to mesh the AA1100 alloy and 316 stainless steel hollow tubes. The rotating part was modeled with 4743 elements and the non-rotating part was meshed with 3825 elements. The boundary conditions are stated in figure 3 . First the transient thermal analysis was carried out keeping 316 stainless steel tube stationary and AA1100 alloy tube in rotation. The coefficient of friction 0.2 was applied at the interface of AA1100 alloy and 316 stainless steel hollow tubes. The convection heat transfer coefficient was applied on the surface of two tubes. The heat flux calculations were imported from ANSYS APDL commands and applied at the interface. The temperature distribution was evaluated. The thermal analysis was coupled to static structural analysis. For the structural analysis the rotating (AA1100 alloy) tube was brought to stationary and the forging pressure was applied on the 316 stainless steel tube along the axis of tube. The 316 stainless steel tube was allowed to move in the axial direction. The structural analysis was conceded for the equivalent stress, bulk deformation, sliding and penetration at the interface of tubes. 
Results and Discussion
The results obtained from the transient thermal analysis, structural analysis and contact analysis are discussed in the following sections. The Fisher's test was confirmed to accept all the parameters (A, B, C and D) at 90% confidence level. Table -3 gives the ANOVA (analysis of variation) summary of raw data. The percent contribution specifies that A (friction pressure) contributes 51.03% of total variation, B (friction time) tenders19.17% of total variation, and C (rotational speed) presents29.12% of total variation on the temperature distribution. The effect of forging pressure is negligible. The temperature developed in the welding tubes is directly proportional to the frictional pressure, frictional time and rotational speed as shown in figure 4a, 4b & 4c. From figure  6 it is noticed that the temperature is very high at the interface. The highest temperature was generated for the test conditions of trial-9 and the conditions of trial-1 gave the lowest temperature in the tubes ( figure 5 ). In the AA1100 alloy tubethe high temperature zone widens from the weld interface due to the heat conduction within the specimen. The temperature gradient is very narrow in the 316 stainless steel tube due to low thermal conductivity.
Influence of parameters on temperature distribution

Influence of parameters on equivalent stress
The ANOVA summary of the equivalent stress is given in Table 4 . The percent contribution column establishesthe major contributions 11.37% and 85.24% of friction pressure and frictional timerespectively towards variation in the effective stress. The influence of rotational speed and forging pressure are negligible. It is observed from figure 6 that the equivalent stress increases with increase of frictional pressure, friction time and rotational speed. Both tensile and compressive stresses were generated at the contact surface (at z = 0) in the region of heat affected zone (HAZ). The magnitudes of tensile and compressive stresses would decrease with depth below the contact surface. However, the compressive stresses were very low as compared to the tensile stress. Also, it is observed that, the tensile stresses were high in the HAZ region 
Influence of parameters on bulk deformation
The ANOVA summary of the bulk deformation is given in Table 6 . The frictional pressure, friction time and rotation speed contribute, respectively, 22.00%, 59.39% and 15.41% towards variation in the bulk deformation of frictional welded tubes. The influence of forging pressure is negligible. Figure 10: Influence of process parameters on bulk deformation. Licensed Under Creative Commons Attribution CC BY quently linearly changing heat flux resulting the expansion of tubes. In the next iteration (static) the forging pressure on the contact surface forces the material to penetrate and slide resulting the contraction of tubes. As seen from FEA results illustrated in figure 11 that the trial-1 has experienced the lowest net expansion of 0.86 mm; the trial-9 has undergone the highest net expansion of 1.98 mm. The deformation of 316 stainless steel is very small due to its higher hardness value and higher melting point.
Influence of parameters on penetration and sliding
The ANOVA summary of the penetration is given in Table  6 . For the penetration of materials during friction welding, the major contributions are of frictional pressure, forging pressure and rotational speed. A three-fourth contribution (73.52%) is of frictional pressure. The second highest contribution(12.82%) is of forging pressure. As the frictional pressure and rotational speed increase, the penetration of metal increases at the joint interface ( figure 12 ). the penetration was high for the forging pressure to frictional pressure ratio of 2.0. The ANOVA summary of sliding at the interface is given in Table 7 . The sliding of material is responsible for the formation of flash at the joint interface. The sliding of materials can be attributed to the contributions of frictional pressure, frictional time and rotational speed. The contributions of frictional pressure, frictional time and rotational speed are respectively, 50.46%, 37.08% and 9.68%. The sliding increases with increase of all process parameters as shown in figure 13 . In friction welding of AA1100 alloy and 316 stainless steel, only AA1100 alloy is consumed in the form of flash due to softer and high thermal conductive material as most of the heat generated at the interface is transferred to AA1100 alloy. In the case of trail 1 the interface layer has not produced a good metallic bond between 316 stainless steel and AA1100 alloy. In the case of trail 4 and 8 the interface layer has produced a good metallic bond between aluminum and steel. A closer look at the penetration and sliding images shows that the failure of good bonding has taken place largely by interface separation ( figure 14) . One factor may be the uneven rate of heat generation. Due to this uneven rate of heat input, the amount of melt-off for each cycle for this welding combination of steel and aluminum varies. The other one is high hardness value of 316 stainless steel. During friction heating stage any surface irregularities are removed, the temperature increases in the vicinity of the welded surfaces, and an interface of visco-plastic aluminum is formed. During forging pressure stage there is significant thermo-plastic deformation of aluminum in the contact area. In result of this is formation of a flange-like flash. The process of welding takes place due to the plastic and diffusion effects. The optimal process parameters for AA1100 alloy and 316 stainless steel are found to be frictional pressure of 80 MPa, frictional time of 5 sec, rotational speed of 2000 rpm and forging pressure of 160 MPa. For these dissimilar metals of aluminium and steel, the forging pressure should be higher than the frictional pressure. The experimental fricitional welding validateds the the eightth trial conditions as shown in figure 15 .
Conclusions
This study shows that the 316 stainless steel and AA1100 alloy is good if the operating conditions: frictional pressure of 80 MPa, frictional time of 5 sec, rotational speed of 2000 rpm and forging pressure of 160 MPa. For friction welding of AA1100 alloy and 316 stainless steel the forging pressure should be higher than the frictional pressure. For this condition of welding there was good penetration and sliding of materials at the welding interface resulting a good mechanical bonding.
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